A significant proportion of oral bacteria are unable to undergo cultivation by existing techniques. In this regard, the microbiota from root canals still requires complementary characterization. The present study aimed at the identification of bacteria by sequence analysis of 16S rDNA clone libraries from seven endodontically infected teeth. Samples were collected from the root canals, subjected to the PCR with universal 16S rDNA primers, cloned and partially sequenced. Clones were clustered into groups of closely related sequences (phylotypes) and identification to the species level was performed by comparative analysis with the GenBank, EMBL and DDBJ databases, according to a 98 % minimum identity. All samples were positive for bacteria and the number of phylotypes detected per subject varied from two to 14. The majority of taxa (65?2 %) belonged to the phylum Firmicutes of the Gram-positive bacteria, followed by Proteobacteria (10?9 %), Spirochaetes (4?3 %), Bacteroidetes (6?5 %), Actinobacteria (2?2 %) and Deferribacteres (2?2 %). A total of 46 distinct taxonomic units was identified. Four clones with low similarity to sequences previously deposited in the databases were sequenced to nearly full extent and were classified taxonomically as novel representatives of the order Clostridiales, including a putative novel species of Mogibacterium. The identification of novel phylotypes associated with endodontic infections suggests that the endodontium may still harbour a relevant proportion of uncharacterized taxa.
INTRODUCTION
Although more than 150 species of bacteria have been identified in infected root canals, only a restricted number can be found simultaneously in the same tooth and a considerable variation of species is expected when analysing distinct clinical conditions, individuals or populations (Sundqvist, 1976; Molander et al., 1998; Baumgartner et al., 2004) . Cultivation studies have shown a predominance of facultative and strict anaerobes in the endodontium, including representatives of Eubacterium, Fusobacterium, Peptococcus, Peptostreptococcus, Porphyromonas, Prevotella and Streptococcus (Sundqvist, 1992b; Le Goff et al., 1997) . Bacteria inside the canal are the major cause of periapical pathologies (Kakehashi et al., 1965) and, if not adequately treated, can give rise to dentoalveolar abscess, a condition that has ability to initiate morbidity, life-threatening illness (Walsh, 1997) , and to predispose to transient bacteraemia during therapy (Savarrio et al., 2005) . Previous reports suggested that endodontic bacteria might be involved in extra-oral complications, such as chronic maxillary sinusitis (Melen et al., 1986) , orbital cellulitis (Ngeow, 1999) , infective endocarditis (Bate et al., 2000) , rheumatoid arthritis (Breebaart et al., 2002 ) and brain abscess (Henig et al., 1978) . In this regard, substantial understanding of the endodontic microbiota is an important requirement for both oral and medical microbiologists.
While it is common knowledge that the development of efficient treatment strategies relies on the characterization of the endodontic microbial communities in their entirety, cultivation-based techniques may cut down the range of detection, since a subset of oral inhabitants still cannot undergo cultivation (Paster et al., 2001) . In this new context, clone library analysis of rDNA, particularly the 16S rDNA, has become a trustworthy tool for determining bacterial diversity, often yielding more informative results when compared with cultivation alone (Kroes et al., 1999; Rolph et al., 2001 ). This broad-based cultivation-free approach has been employed in the investigation of polymicrobial human infections such as periodontal disease, childhood caries, dentoalveolar abscesses, maxillary sinusitis and noma lesions (Wade et al., 1997; Paster et al., 2001 Paster et al., , 2002 Becker et al., 2002; Hutter et al., 2003; Paju et al., 2003) . Particularly in root canal infections, 16S rDNA sequence analysis has enabled detection of bacteria when culture had generated negative results and has permitted the identification of novel species in relatively small sets of samples (Rolph et al., 2001; Munson et al., 2002) .
Here, we report the results of an investigation of the bacterial diversity of seven infected root canals by the analysis of 16S rDNA libraries, in an effort to contribute to the ongoing characterization of the root canal microbiota.
METHODS
Subjects. Seven patients, two males and five females, ranging from 15 to 42 years old (mean 27?7±8?4 years) were included in the study. Subjects had been referred for endodontic treatment at the Dental School of Piracicaba and were selected for the presence of pulpal necrosis and chronic periapical lesions by clinical and radiographic evaluation. Subjects with periodontal pockets >3 mm, advanced bone loss, acute abscesses, tooth fractures or sinus tracts or those who had undergone antibiotic therapy within 2 months prior to collection were not included, as well as those who presented systemic diseases at the time of examination. Written informed consent was obtained from all individuals and ethical approval was granted by the Ethical Committee for Human Subjects of the Dental School of Piracicaba, State University of Campinas.
Sample collection. Each patient was submitted to local anaesthesia and the tooth was isolated with a rubber dam. In order to facilitate antisepsis of the operation field, only teeth without caries lesions and with unexposed pulp chambers were included. Cleaning of the tooth crown was performed to eliminate food debris and dental plaque. Antisepsis of the crown and operation field was conducted with 1?0 % sodium hypochlorite for 1 min, followed by inactivation with 5 % sodium thiosulfate. This protocol may have limitations in eliminating some resistant species of bacteria, but its use associated with careful selection of teeth should contribute to minimize contamination from saliva and other oral sources. Coronal access cavity was gained by high-speed bur irrigated with sterile saline solution. As the pulp chamber was reached, a sterile #15 K-file was introduced at 3 mm short of the root apex. After careful instrumentation, the active portion of the K-file was cut and placed in a test tube containing 1 ml TE buffer (10 mM Tris/HCl, 1 mM EDTA, pH 8?0). Three sterile #15 paper points were introduced consecutively inside the canal for 20 s each and placed in the same test tube. Samples were transported immediately to the laboratory and stored at 220 uC.
DNA extraction. Samples were thawed in a water bath at 37 uC for 10 min and then vortexed for 30 s and the paper points and K-files were removed from the tubes. Bacterial cells were pelleted by centrifugation at 20 000 g for 10 min and the supernatant was discarded. A DNA extraction protocol based on chloroform/isoamyl alcohol and CTAB was employed (Kuipers et al., 1999; Smith et al., 1989) . DNA was resuspended in TE buffer with 10 mg RNase ml
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, incubated in a water bath at 37 uC for 30 min and stored at 220 uC until required.
16S rDNA amplification. PCR control tests for the eubacterial universal 16S rDNA primers fD1 (59-AGAGTTTGATCCTGGCTCAG-39) and rD1 (59-AAGGAGGTGATCCAGCC-39) (Weisburg et al., 1991) were performed with 21 bacteria strains, yielding positive amplification for all DNA tested, as determined by visualization on agarose gel electrophoresis (available as Supplementary Fig. S1 in JMM Online). Polymicrobial 16S rDNA from the clinical samples was amplified by PCR in 25 ml mixtures as described previously (Rodrigues et al., 2003) , except that 2 mM MgCl 2 and 1?5 U Taq DNA polymerase were used. PCR products were examined by 1?0 % low-melting-point agarose-gel electrophoresis with ethidium bromide staining. Amplification products (about 1500 bp) were purified with the GFX DNA Purification kit (Amersham Biosciences) according to the manufacturer's instructions.
Cloning of polymicrobial PCR products. An aliquot containing 65 ng of each 16S rDNA PCR product was ligated to pMOSBlue vector (Amersham Biosciences) and transformed in Escherichia coli DH10B cells, according to the manufacturer's instructions. Smallscale plasmid DNA preparations were conducted by an alkaline lysis protocol as described by Sambrook et al. (1989) . Screening of recombinants was performed by 1?0 % agarose-gel electrophoresis with ethidium bromide staining.
Partial 16S rDNA sequencing. Seventy recombinant clones per library were selected randomly for partial 16S rDNA sequencing reactions, performed in a DNA thermal cycler. The temperature profile for primers T7 (59-TAATACGACTCACTATAGGG-39) and U19mer (59-GTTTTCCCAGTCACGACG-39) included an initial step at 96 uC for 2 min, followed by 30 cycles of 96 uC for 30 s, 50 uC for 30 s and 60 uC for 4 min. Reactions were performed in 10 ml mixtures containing 250 ng template DNA, 1 ml Big Dye Terminator Ready version 3.0 (Applied Biosystems), 0?5 mM primer and 3 ml sequencing buffer (200 mM Tris/HCl, pH 9?0, 5 mM MgCl 2 ).
16S rDNA sequence analysis. Sequences were analysed automatically in an ABI Prism 3100 Genetic Analyzer (Applied BiosystemsHitachi) and grouped into clusters (phylotypes) according to a 99 % minimum similarity rule (Kroes et al., 1999; Hutter et al., 2003) . One representative of each phylotype was selected and submitted to the BLASTN algorithm (BLAST 2.0; http://www.ncbi.nlm.nih.gov/ blast), allowing comparison with sequences present in the GenBank, DDBJ and EMBL databases. Only the highest-scored BLAST result was considered for phylotype identification, with 98 % minimum similarity (Stackebrandt & Goebel, 1994) .
Phylogenetic analysis of novel phylotypes. Four clones with BLAST identities ¡97 % were considered as representatives of novel phylotypes and were sequenced with additional primers 341-357f (59-CCTACGGGAGGCAGCAG-39), 357-341r (59-CTGCTGCCTC-CCGTAGG-39), 685-704f (59-GTAGSGGTGAAATSCGTAGA-39), 704-685r (59-TCTACGSATTTCACCSCTAC-39), 1099-1114f (59-GCAACGAGCGCAACCC-39) and 1114-1099r (59-GGGTTGCGCT-CGTTGC-39) (Lane, 1991) . Contiguous sequences were assembled with the Phred/Phrap/Consed software package (http://www.phrap. org), followed by analysis with Chimera Check (RDP II; http:// rdp.cme.msu.edu) to eliminate chimeric molecules. Novel phylotypes were assigned taxonomically with Naive Bayesian rRNA Classifier version 1.0 (RDP II) and submitted to phylogenetic analysis, along with closely related sequences from the order Clostridiales obtained by the Hierarchy Browser program (RDP II). All sequences were aligned with the CLUSTAL W software (Thompson et al., 1994) and visualized with Bioedit 7.0. BioEdit). A phylogenetic tree was constructed with MEGA 2.1 (Kumar et al., 2001) , according to the calculation of a distance matrix (Jukes & Cantor, 1969) and tree reconstruction by the neighbour-joining method (Saitou & Nei, 1987) . Bootstrap confidence values for branching nodes were inferred by the generation of 100 resampling trees.
RESULTS AND DISCUSSION
Nucleotide sequence analysis of 16S rDNA clone libraries was used to investigate the bacterial diversity of seven endodontically infected teeth. All teeth evaluated were positive for the presence of bacteria. Overall, 46 taxonomic units (phylotypes) were detected (Table 1 ). In spite of the relative homogeneity of our study group, composed of asymptomatic teeth associated with unexposed necrotic pulps, chronic periapical lesions and no periodontal disease, considerable variation in bacterial composition could be observed: 33 (71?7 %) phylotypes were subject-exclusive, whereas only 13 (28?3 %) could be detected in more than one patient. The number of phylotypes also ranged substantially among subjects, from two (patient AB) to 14 (patient AA) (mean 9?57±3?91). This variation is in accordance with both cultivation-and molecular-based studies (Sundqvist, 1976; Jung et al., 2000) . Table 1 illustrates the relative distribution of phylotypes within each subject and is intended to provide a quantitative view of the results. This type of analysis makes an important contribution to our findings (Dewhirst et al., 2000; Becker et al., 2002; Munson et al., 2002; Hutter et al., 2003) , but should be viewed with discretion, since multitemplate PCR can be subjected to bias in template-to-product ratios (Suzuki & Giovannoni, 1996; Polz & Cavanaugh, 1998) .
In general, the results of this investigation reflected results from previous cultivation-and molecular-based studies, with a predominance of anaerobic bacteria, especially from the phylum Firmicutes of Gram-positive bacteria (Sundqvist, 1992a; Munson et al., 2002) . Representatives of other phyla were found at much lower frequencies: Proteobacteria (10?9 %), Spirochaetes (4?3 %), Bacteroidetes (6?5 %), Actinobacteria (2?2 %) and Deferribacteres (2?2 %); 9 % of sequences could not be assigned at the phylum level. Common endodontic species, such as Campylobacter gracilis, Eubacterium tardum, Peptostreptococcus anaerobius, Peptostreptococcus micros and members of the Lachnospiraceae, were positively identified with high percentage identities (¢99 %). Recently reported phylotypes were also detected: Bacteroidales oral clone MCE7_164 E2b, Lachnospiraceae oral clone MCE7_60 E1, Lachnospiraceae oral clone MCE9_173 E4 and Megasphaera sp. oral clone MCE3_141 P1 (Munson et al., 2002) . Dialister invisus, a recently described oral Gram-negative coccobacillus (Downes et al., 2003) , was the most commonly found taxon (five out of seven subjects), followed by Filifactor alocis and Eubacteriaceae oral clone P2PB_46 P3 (four out of seven subjects). Accordingly, bacteria from the genus Dialister have been identified in oral infections with increasing frequencies (Contreras et al., 2000; Munson et al., 2002) . Dialister pneumosintes, a species frequently associated with purulent infections, brain abscesses and bite wounds (Goldstein et al., 1984; Rousée et al., 2002) , has also been considered as a putative pathogen in periodontal and endodontic infections (Ghayoumi et al., 2002; Siqueira & Rô ças, 2002) and could be detected in one subject.
Phylotypes corresponding to recently proposed pathogens of periodontal disease were identified, corroborating molecular data from Paster et al. (2001) and Hutter et al. (2003) . Among those, Treponema socranskii has already been detected in the endodontium, being one of the most common rootcanal treponemes (Baumgartner et al., 2003) , while uncultured Eubacterium clone PUS9.170 has also been found in dentoalveolar abscesses (Wade et al., 1997) . Pseudoramibacter alactolyticus and Filifactor alocis were positively detected with high percentage matches (99 %) and have proven to be frequent inhabitants of root-filled, refractory cases (Siqueira & Rô ças, 2004) .
Forty-two (91?3 %) clones were identified to the species level and four (8?7 %) corresponded to sequences with no resemblance to any other previously deposited in the databases (Fig. 1) , according to the established 98 % nucleotide identity threshold. This parameter is in accordance with a previously proposed species definition, based on DNA-DNA reassociation assays (Stackebrandt & Goebel, 1994) , and lies within the range of values employed by similar studies, which vary from 98 % (Sakamoto et al., 2000; Rolph et al., 2001; Munson et al., 2002) to 99 % (Kroes et al., 1999; Drancourt et al., 2000; Hutter et al., 2003) . Applying a 97 % threshold value did not alter our findings, whereas a value of 99 % resulted in the detection of 15 potentially novel species, as opposed to only four. The application of such a stringent condition was nonetheless rejected, since it could generate redundancies in the results, due to intragenomic heterogeneities in 16S rRNA operons (Coenye & Vandamme, 2003; Acinas et al., 2004) .
Among the novel phylotypes detected (Fig. 1) , uncultured Mogibacterium sp. clone AF_H06 (AY821870) was the only one to be assigned taxonomically to the genus level. Mogibacterium is a genus of anaerobic, Gram-positive bacilli, originally isolated from periodontal pockets and infected root canals (Nakazawa et al., 2000) . Representatives of this genus were shown to be frequent in endodontic infections, as observed by Rolph et al. (2001) , who identified clones closely related to Mogibacterium neglectum, M. vescum and M. diversum, with 97 % nucleotide identities. The epidemiological importance of this group of bacteria in endodontic infections is still to be investigated.
Interestingly, some important endodontic species, such as Fusobacterium nucleatum and the black-pigmented anaerobes Porphyromonas gingivalis, Porphyromonas endodontalis and Prevotella intermedia, could not be detected. Lack of primer specificity was readily discounted, since we had successfully tested our primers with F. nucleatum subsp. Fig. S1 ). Similar root-canal studies were also unable to find any Porphyromonas gingivalis phylotypes (Rolph et al., 2001; Munson et al., 2002) . Fusobacteria have frequently been encountered in root canals by cultivation (Sundqvist, 1992a) and PCR assays (Fouad et al., 2002) , but their prevalence seems to be relatively low in 16S rDNA-based studies. Accordingly, Munson et al. (2002) identified one Fusobacterium clone out of 624 sequenced, whereas Rolph et al. (2001) detected F. nucleatum solely in the refractory subset of cases. The absence of some bacterial species in the present study might be attributed to intrinsic technique limitations or to the small sample investigated.
In conclusion, the results of this study are in accordance with those from similar research, revealing a predominance of anaerobic species from the phylum Firmicutes of the Gram-positive bacteria in infected root canals, particularly from the class Clostridia. The identification of uncultured clones originally encountered in the endodontium, saliva and subgingival plaque demonstrates, again, that the endodontic and periodontal microbial communities might share a relevant proportion of bacteria, despite their established anatomical interrelationships (Kerekes & Olsen, 1990; Rupf et al., 2000) . The identification of novel phylotypes adds to the concept that the endodontium might still harbour a relevant proportion of uncharacterized taxa. Fig. 1 . 16S rDNA phylogenetic interrelationships of four novel phylotypes from unexposed endodontic infections, indicated in bold type, and reference strains from the order Clostridiales (accession numbers in parentheses). The phylogenetic tree was constructed as described in Methods and rooted for Escherichia coli K-12 (not shown). Bootstrap confidence values were generated over 100 tree replications (values above 50 % are shown). Bar, 0?05 nucleotide substitutions per site.
